
- .  . 

Q u a r t e r l y  Progress R e p o r t  

For P e r i o d  

A p r i l  1 t o  June 30, 1967 

FUNDAMENTAL STUDIES OF THE METALLURGICAL, 

ELECTRICAL, AND OPTICAL PROPERTIES OF 

GALLIUM PHOSPHIDE 

G r a n t  No .  NsG-555 

Prepared For 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
LEWIS RESEARCH CENTER 

CLEVELAND, OHIO 

Work P e r f o r m e d  By  

S o l i d - s t a t e  E l e c t r o n i c s  L a b o r a t o r i e s  .- - 
\ S t a n f o r d  U n i v e r s i t y  

S t a n f o r d  , C a l i f o r n i a  

(CATEOORY) 



second. The temperature  was measured by a chromel-alumel thermocouple 

which was a t tached  t o  t h e  t r a n s i s t o r  header on which t h e  sample was 

mounted. The photocurrent  versus  temperature  was recorded on an x-y 

recorder .  The vo l t age  across  t h e  sample was 67.5 v. The fo l lowing  

f i l t e r s  were used: n e u t r a l  f i l t e r s ,  germanium, ga l l ium a r s e n i d e  and 

i n t e r f e r e n c e  f i l t e r  No.  500 of set No. 3112 made by Op t i c s  Technology, Inc .  

Th i s  l a s t  f i l t e r  has  a t r ansmiss ion  range of 4800A < h < 5200A which 

i n d i c a t e s  t h e  energy corresponding t o  t h e  band gap of Gap. The photo- 

c u r r e n t  did no t  depend on t h e  vol tage  p o l a r i t y  and changed i n  t h e  same 

way dur ing  coo l ing  o r  hea t ing  cycles. 

2. R e s u l t s  and Discuss ion  

0 0 

The spectral  photoresponse per i n c i d e n t  photon for f o u r  

samples of GaP:Co are presented i n  Figs.  l a  - Id .  The h ighes t  amount of 

c o b a l t  was in t roduced  i n t o  samples C3 and C2 and t h e  s m a l l e s t  i n t o  

sample C6 (see Table  I). An inc rease  of c o b a l t  concen t r a t ion  reduced 

t h e  photoconduct iv i ty  around t h e  band edge t h u s  i n d i c a t i n g  t h a t  h igher  

numbers of  u n f i l l e d  coba l t  acceptors  reduce t h e  l i f e t i m e  of e l e c t r o n s .  

The peak a t  0.7 k can b e  a t t r i b u t e d  t o  t r a n s i t i o n s  from f i l l e d  accep to r  

l e v e l s  t o  t h e  conduct ion band. Th i s  i s  i n  agreement w i t h  t h e  energy 

of f i l l e d  c o b a l t  levels . ’  T h i s  peak i s  reduced i n  t h e  same r a t i o  a s  

t h e  peak connected w i t h  band-to-band photoconduct iv i ty  when t h e  amount 

of c o b a l t  is  increased .  Therefore ,  t h e  sugges t ion  t h a t  i t  is  connected 

wi th  t r a n s i t i o n s  from f i l l e d  c o b a l t  l e v e l s  t o  t h e  conduction band is  

v a l i d .  The long t a i l  of photoconduct ivi ty  a t  wavelengths g r e a t e r  t han  

2 p, i s  more pronounced i n  t h e  samples w i t h  a l a r g e r  amount of c o b a l t ;  
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PROJECT 5109: PHOTOCONDUCTIVITY OF Gap DOPED WITH COBALT, IRON AND 
TITANIUM 

Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
Grant N s  G- 55 5 
P r o j e c t  Leader: G. L. Pearson 
S t a f f :  J. Baranowski 

I n  t h e  l a s t  q u a r t e r  w e  r epor t ed  t h e  p re l imina ry  r e s u l t s  f o r  

photoconduct ivi ty  of GaP w i t h  u n f i l l e d  coba l t  and i r o n  leve ls .  I n  t h i s  

q u a r t e r  we cont inued t h i s  s t u d y  us ing  more a c c u r a t e  experimental  

techniques.  

1. Experiment 

Seven samples of GaP were prepared and measured, f o u r  doped 

wi th  coba l t ,  one doped w i t h  i r o n ,  one doped wi th  t i t a n i u m  and one 

doped w i t h  c o b a l t  and z inc .  The c a r r i e r  concen t r a t ion ,  m o b i l i t y  and 

d i f f u s i o n  parameters  a r e  presented i n  Table  I.  Metals used a s  a dopant 

were evaporated on both s ides  of t h e  sample p r i o r  t o  

d i f f u s i o n  t h e  same samples were lapped 

and chemically pol ished.  The chemical 

1 p a r t  HN03. Contac ts  wexe appl ied a t  

on both s i d e s  

e t c h  was made 

e i t h e r  end of 

d i f f u s i o n .  A f t e r  

t h e n  mechanic a1  1 y 

of 2 p a r t s  HC1 and 

rod-type samples 

0 
by a l l o y i n g  evaporated l aye r s  of 98% gold - 2% z i n c  a t  500 C i n  forming 

gas .  S p e c t r a l  d i s t r i b u t i o n  of t h e  photoresponse was measured i n  a C a r y  

M G d e l  141R Spectrophotometer by an a.c. method a t  a f requency of 30 cycles 

p e r  second. The source  was c a l i b r a t e d  by a thermopile .  A PbS ce l l  was 

used as a r e fe rence  f o r  a PAR lock- in  ampl i f i e r .  The vo l t age  ac ross  

t h e  sample was 67.5 v. A l l  measurements of s p e c t r a l  d i s t r i b u t i o n  were 

t aken  a t  room temperature ,  

The temperature  dependence of photocurren t  was measured by an 

a.c. method us ing  a frequency of l i g h t  modulation of 600 cyc le s  per  
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t h e r e f o r e ,  i t  i s  probably connected w i t h  t r a n s i t i o n s  from t h e  va lence  

band t o  u n f i l l e d  acceptor  l eve l s .  Because of t h e  smal l  s i g n a l ,  w e  were 

n o t  ab le  t o  extend t h e s e  measurements t o  longer  wavelengths;  t h u s  w e  

a r e  not  a b l e  t o  draw any d e f i n i t e  q u a n t i t a t i v e  conclus ions  such a s  t h e  

p o s i t i o n  of t he  u n f i l l e d  acceptor  l e v e l s  or t h e  e n e r g i e s  a t  t h e  maxima 

of  the valence band d e n s i t y  of s ta tes .  

The r e s u l t s  f o r  GaP doped wi th  i r o n  and t i t a n i u m  a r e  presented 

i n  F igs .  2 and 3. The s p e c t r a l  behavior  of photoconduct iv i ty  i s  s i m i l a r  

t o  t h a t  f o r  GaP:Co. For  t h e  same reasons  a s  s t a t e d  above, w e  can draw 

no q u a n t i t a t i v e  conclus ions .  

Gallium phosphide doped w i t h  coba l t ,  i r o n  and t i t an ium showed 

i n t e r e s t i n g  e f f e c t s  of a decrease i n  photocurrent  when t h e  temperature  

w a s  lowered. The dependence of photocurren t  on temperature  f o r  GaP:Co 

i s  shown i n  F igs .  4a-4c. The most d r a s t i c  changes of photocurren t  

occurred when t h e  sample was i l lumina ted  w i t h  l i g h t  of  energy correspond- 

i n g  t o  t h e  energy gap. Th i s  suggests  t h a t  two d i f f e r e n t  mechanisms 

f o r  recombination a r e  present  i n  t h i s  range of temperature .  The s l o p e s  

of t h e  i n c r e a s e  of photocurrent  under i l l u m i n a t i o n  of l i g h t  a t  

X = 50002 as a func t ion  of 1/T are given i n  Table  11, t o g e t h e r  wi th  

t h e  s l o p e s  of  dark c u r r e n t .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  some 

samples t h e  s l o p e s  of photocurrent are g r e a t e r  t h a n  t h e  ones of dark 

c u r r e n t .  The sum of t h e s e  two s l o p e s  i s  approximately cons t an t .  Th i s  

sugges t s  t h a t  e x c i t e d  states of t h e  acceptor  l e v e l  can p lay  an important  

r o l e  i n  t h e  recombination and t r app ing  processes .  Because w e  do n o t  

know t h e  n a t u r e  of t h e  acceptor  l e v e l  i t  i s  d i f f i c u l t  t o  d i s c u s s  t h e  

exc i t ed  states. As J. W. Allen p o i n t s  ou t ,  t h e  u n f i l l e d  accep to r  
2 
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n-1 
l e v e l s  of t h e  t r a n s i t i o n  metals a r e  very  o f t e n  n e i t h e r  of d 

c o n f i g u r a t i o n  nor hydrogenic.  The wavefunction of such a c e n t e r  i s  

probably a mixture of d conf igu ra t ion  and a h o l e  i n  t h e  banding 

o r b i t a l s .  Without d e t a i l e d  c a l c u l a t i o n s  s i m i l a r  t o  t h o s e  of 

J. L. Birman for copper i n  ZnS, i t  i s  imposs ib le  t o  p re sen t  a good 

model f o r  t h i s  t ype  of c e n t e r  i n  Gap. 

n-1 

3 

Data f o r  GaP:Fe and GaP:Ti are s imi la r  t o  t h o s e  obta ined  

f o r  GaP:Co. These r e s u l t s  are presented i n  F ig .  5 and Figs .  6a - 6b 

r e s p e c t i v e l y .  These r e s u l t s  i n d i c a t e  t h a t  t h e  same mechanism for 

photoconduct ivi ty  i s  re spons ib l e  f o r  t h e  s t r a n g e  behavior  of photocurren t  

wi th  changes in tempera ture  f o r  GaP:Co, Ga:Fe, and Ga:Ti. W e  do no t  

g ive  an  explana t ion  he re  f o r  t h i s  e f f e c t  because t h e  model must be 

based on a knowledge of t h e  n a t u r e  of t h e  u n f i l l e d  accep to r  levels .  

A s  pointed out  above, w e  l ack  s u f f i c i e n t  in format ion  t o  thoroughly 

understand t h e  mechanism. 
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Phys ics  of Semiconductors, Kyoto, Japan (1966), p. 239. 
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3. J. L. Birman, Luminescence Conference,  Budapest, Hungary ( i n v i t e d  
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FIGURE CAPTIONS 

F ig .  1 S p e c t r a l  photoresponse p e r  i n c i d e n t  photon 

a) For  Sample C2 
b) For  Sample C 3  
c) For  Sample C4 
d) For  Sample C6 
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Fig .  2 S p e c t r a l  photoresponse p e r  i n c i d e n t  photon f o r  Sample 12. 

F ig .  3 S p e c t r a l  photoresponse p e r  i n c i d e n t  photon f o r  Sample T1 and 
Sample T2. 

Fig.  4 Dependence of photocurrent on temperature  

a) F o r  Sample C2 
b) For Sample C 3  
c) For  Sample C4 
d) Fo r  Sample C6 
e) For  Sample C1Z 

F ig .  5 Dependence of photocurrent  on temperature  f o r  Sample 12. 

F ig .  6a Dependence of photocurrent  on temperature  f o r  Sample T2. 

F ig .  6b Dependence of photocurrent  on temperature  f o r  Sample T2. 

Concent ra t ion  
before  d i f f .  Mobil i ty  Temp. of Time of 

Sample (cm-1)  c m  2 /v-sec Dopant t h e  d i f f .  t h e  d i f f  

c 2  5 x 120 c o  128OoC 24 h r s  

18 h r s  c3 6 X 10 105 c o  132OoC 

c 4  6 X 1015 105 c o  120oOc 24 h r s  

C6 6 X 1015 105 c o  l l0O0C 8 h r s  

I 2  5 x 1 0  120 Fe 1180OC 20 h r s  

T2 6 X 1015 105 T i  130OoC 18 h r s  

T1 6 X 1015 105 T i  130OoC 18 h r s  

c 1z 6 X 1015 105 1) c o  1300OC 24 h r s  

2) Zn 8000c 2 h r s  

3) Annealing 116OoC 12 h r s  

15 

15 

TABLE I - The Parameters  of t h e  M a t e r i a l s  Before  Di f fus ion  
and Condi t ions  of t h e  Dif fus ions .  



Slope  of t h e  
photocurren t  sum of two S l o p e  of t h e  

Sample d a r k  c u r r e n t  ( l i g h t  h N 5000A) s l o p e s  

c 2  0.30 e V  0.25 eV 0.55 e V  

c3 0.25 e V  0.34 e V  0.59 eV 

c 4  0.26 eV 0,31 eV 0.58 eV 

0.24 eV 0.61 e V  C6 0.37 e V  

c 1z 0.17 eV 0.13 eV 0.30 e V  

I 2  0.29 e V  0.21 eV 0.50 e V  

T2 0.38 e V  0.34 e V  0.72 e V  

TABLE I1 - The Slopes  of t h e  D a r k  Curren t  and Photocurren t  
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PROJECT 5112: THE PROPERTIES OF RECTIFYING JUNCTIONS I N  GaAsxP1-x 

Nat iona l  Aeronautics and Space Adminis t ra t ion  
Grant N s G - 5 5 5  
P r o j e c t  Leader: G. L. Pearson 
S t a f f :  S.  F.  Nygren* 

The purpose of t h i s  p r o j e c t  is t o  s t u d y  t h e  p repa ra t ion  

and c h a r a c t e r i z a t i o n  of r e c t i f y i n g  j u n c t i o n s  i n  GaP and G a A s  P 

I n  p a r t i c u l a r ,  w e  wish t o  r e l a t e  t h e  s t r u c t u r e  of t h e  c r y s t a l s  t o  t h e  

x 1-x' 

electrical  p r o p e r t i e s  of t h e  junc t ions .  During t h i s  q u a r t e r ,  w e  have 

grown s e v e r a l  GaP s i n g l e  c r y s t a l s  by vapor ep i t axy .  W e  have s t u d i e d  

z i n c  d i f f u s i o n  sp ikes  i n  GaP as a f u n c t i o n  of  temperature ,  and w e  

have begun t o  make p-n junc t ions  i n  GaP by t h e  l i q u i d  phase e p i t a x i a l  

technique.  

A .  C r y s t a l  Growth 

Four undoped and four  s u l f u r  doped GaP c r y s t a l s  were grown 

by vapor ep i taxy .  A l l  e i g h t  c r y s t a l s  were n-type and ohmic c o n t a c t s  

could be made t o  them by a l loy ing  t i n  d o t s  t o  t h e  Gap. Room tempera- 

t u r e  e l e c t r i c a l  measurements were made us ing  t h e  Van d e r  Pauw technique.  

C a r r i e r  concen t r a t ions  vs. m o b i l i t i e s  a r e  p l o t t e d  i n  Fig.  1. For  

comparison, d a t a  from 34 o t h e r  c r y s t a l s  grown i n  t h i s  l a b o r a t o r y  a r e  

a l s o  included i n  Fig.  1. I t  may be seen  t h a t  undoped and l i g h t l y  doped 

c r y s t a l s  a r e  of w i d e l y  varying q u a l i t y ,  having m o b i l i t i e s  t h a t  range 

from 60 t o  155 c m  /v sec. On t h e  o t h e r  hand, t h e  more h e a v i l y  doped 

c r y s t a l s  (n > 4 x 1017 

2 

have m o b i l i t i e s  t h a t  may be related t o  

c a r r i e r  concen t r a t ions  i n  a p red ic t ab le  way. 

* 
NSF Fellow 
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B. D i f fus ion  Spikes  

Our s t u d y  of t h e  i r r e g u l a r  d i f f u s i o n  f r o n t  of z i n c  i n  

GaP i n  t h e  presence of c r y s t a l  d e f e c t s  has  been cont inued.  During 

t h i s  q u a r t e r  we have i n v e s t i g a t e d  t h e  r e l a t i o n s h i p  between t h e  depth  

of  t h e  d i f f u s i o n  s p i k e s  and t h e  d i f f u s i o n  temperature .  F i v e  d i f f u s i o n s  

were performed a t  d i f f e r e n t  tempera tures ;  t hey  are summarized i n  

Table  1. 

4 X mm Hg. The GaP samples were a l l  c u t  from t h e  same (111) 

o r i e n t e d  c r y s t a l ;  t h e y  measured about 3.0 X 2.5 X 0.39 mm , and t h e i r  

s u r f a c e s  were mechanical ly  pol i shed .  The d i f f u s i o n  source  was a powder 

of 75% GaP - 25% Zn, chosen t o  h e l p  minimize t h e  a t t a c k  on t h e  s u r f a c e s  

The d i f f u s i o n  ampoules were 0.2 cm3 q u a r t z  t ubes  evacuated t o  

3 

of  t h e  GaP samples. The source  was preannealed i n  an evacuated 

ampoule a t  1014OC f o r  23 hours.  A l l  d i f f u s i o n s  were terminated by 

quenching t h e  ampoules i n  i ce  water .  

The r e s u l t s  of the d i f f u s i o n s  were examined by  c ros s -  

s e c t i o n i n g  t h e  c r y s t a l s  bn (111)Ga p lanes  t h a t  were i n c l i n e d  t o  t h e  

sample su r faces  and t h e n  e t ch ing  t h e  samples i n  t h e  (111)Ga e t chan t .  

I n  t h i s  way the d i f f u s i o n  f r o n t  and t h e  c r y s t a l  d e f e c t s  were revealed.  

A double d i f f u s i o n  f r o n t  was seen  i n  t h e  samples t h a t  were d i f f u s e d  

a t  t h e  three h ighes t  t empera tures .  The d i f f u s i o n  s p i k e s  were found t o  

c o r r e l a t e  w e l l ,  but not  e x a c t l y ,  w i t h  etch l i n e s  corresponding t o  

c r y s t a l  f a u l t s .  

The measured j u n c t i o n  depth i s  normalized t o  a d i f f u s i o n  

t i m e  of one hour and i s  p l o t t e d  i n  F ig .  2. The normal iza t ion  i s  

done by assuming t h a t  o u r  d i f f u s i o n s  were done a t  a h igh  enough 

- 2 -  



t empera ture  and f o r  a long enough t i m e  

i s  given by 

-B/kT x = A &  e 
j 

where t = t i m e ,  A, B a r e  cons t an t s  and 

j' 
t h a t  t h e  j u n c t i o n  depth,  x 

T = abso lu te  temperature .  

1 0 0 L. Chang g ives  evidence t h a t  t h i s  formula i s  v a l i d  f o r  800 C < T < 1000 C. 

Actua l ly ,  recent experiments by  C. H. Ting' sugges t  t h a t  t h e  r e l a t i o n s h i p  

should be 

where C(T) decreases a s  temperature  i n c r e a s e s .  We assume t h a t  w e  

can  ignore  C(T). Then t h e  th ree  lowest tempera ture  p o i n t s  d e f i n e  a 

curve i n  which A = e microns/ *Jtlme, B = 1.23. Th i s  agrees  w e l l  

wi th  Chang's r e su l t  t h a t  A = e l 7 O 0  microns/ z e ,  B = 1.35. The 

ex tens ion  of  t h e  curve may be used t o  f i n d  t h a t  t h e  e f f e c t i v e  warm-up 

t i m e  f o r  a d i f f u s i o n  is 2.1 minutes a t  907 C,  and 3.16 minutes a t  

998OC. 

0 

The maximum s p i k e  depths  are measured a t  p o i n t s  where t h e  

c r y s t a l  f a u l t s  extend beyond t h e  d i f f u s i o n  sp ikes .  These depths  a r e  

then  normalized t o  one hour using t h e  e f f e c t i v e  d i f f u s i o n  t i m e  and 

a r e  p l o t t e d  i n  F ig .  2. 

An i n t e r p r e t a t i o n  of t h e  d i f f u s i o n  s p i k e s  i s  not  p o s s i b l e  

a t  t h i s  t i m e .  The exponent ia l  dependence of s p i k e  depth  on r e c i p r o c a l  

temperature  sugges t s  t h a t  t h e  processes  involved i n  c r e a t i n g  d i f f u s i o n  

s p i k e s  are thermal ly  ac t iva t ed  and r e q u i r e  a lower a c t i v a t i o n  energy 

t h a n  d i f f u s i o n  through t h e  bulk. The exac t  mechanism and t h e  c r y s t a l  

d e f e c t  r e spons ib l e  f o r  t h e  d i f f u s i o n  s p i k e s  i s  not c l e a r ,  however. 
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Queisser' r e p o r t s  t h a t  t h e r e  is no enhanced d i f f u s i o n  of phosphorus 

a t  a coherent  twin boundary i n  s i l i c o n ,  and W i l l i a m s 4  r e p o r t s  t h a t  

t h e r e  i s  no enhanced d i f f u s i o n  of z inc  a t  s t a c k i n g  f a u l t s  i n  vapor 

e p i t a x i a l  GaAsxP1-x. 

r e p o r t  enchanced d i f f u s i o n  of antimony a t  s t a c k i n g  f a u l t s  i n  vapor 

5 On t h e  o t h e r  hand, Kulikov and Givargizov 

e p i t a x i a l  germanium l aye r s .  

C. Liquid Epitaxy 

The process  of growing s i n g l e  c r y s t a l  l a y e r s  on a seed 

c r y s t a l  by l i q u i d  phase e p i t a x y  was f i r s t  r epor t ed  by Nelson,' who used 

t h e  technique  wi th  G a A s  and G e .  Th i s  method has  c e r t a i n  advantages 

i n  t h a t  i t  i s  s imple ;  t h a t  a t h i n  l a y e r  of t h e  seed s u r f a c e  i s  d i s so lved  

t o  provide a c l ean  and damage-free growth s u r f a c e ;  and t h a t  p-n 

j u n c t i o n s  may be formed wi thout  c r e a t i n g  d i f fus ion- induced  d e f e c t s .  

The technique  was r e a d i l y  extended t o  Gap, and h igh  e f f i c i e n c y  e l e c t r o -  

luminescent diodes have been made by t h i s  method. 
7 

W e  have begun t o  make p-n j u n c t i o n s  by t h i s  t e c h n i q u e ,  

c l o s e l y  fo l lowing  Nelson ' s  method. A mechanical ly  pol i shed ,  (111) 

or i en ted ,  n-type,vapor grown GaP s u b s t r a t e  c r y s t a l  i s  he ld  down i n  

one end of a p y r o l y t i c  g r a p h i t e  boat by a g r a p h i t e  weight.  A mixture  

of Ga, G a p ,  and a dopant is  placed i n  t h e  o t h e r  end of t h e  boa t ,  u s ing  

enough GaP t h a t  t h e  mixture w i l l  be s a t u r a t e d  a t  t h e  o p e r a t i n g  

temperature .  The boa t  i s  enclosed i n  a q u a r t z  t ube  and he ld  i n  a 

3 
p u r i f i e d  hydrogen atmosphere t h a t  i s  f lowing a t  150 c m  /min. The 

boa t  i s  heated t o  t h e  o p e r a t i n g  temperature .  Then t h e  furnace  i s  

turned  o f f  and t h e  boat  i s  t ipped  so  t h a t  t h e  s o l u t i o n  f lows over  t h e  

s u b s t r a t e .  A s  t h e  s o l u t i o n  coo l s ,  a s i n g l e  c r y s t a l  l a y e r  of doped 
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GaP i s  grown on t h e  s u b s t r a t e .  When t h e  furnace  reaches  5C)O0C, t h e  

boa t  i s  t i l t e d  back t o  i t s  o r i g i n a l  p o s i t i o n ,  and t h e  boat is  moved t o  

t h e  coo l  end of t h e  q u a r t z  tube. The ga l l ium s o l u t i o n  has  a GaP 

c r u s t ,  and it i s  s t i l l  r e s t i n g  on t o p  of t h e  s u b s t r a t e  c r y s t a l ,  The 

s u b s t r a t e  is  plucked from t h e  Ga, and t h e  rest  of t h e  Ga-GaP-dopant 

mixture  i s  saved f o r  reuse. The G a  t h a t  remains on t h e  grown c r y s t a l  

can be removed by d i g e s t i o n  i n  hot  HC1 or HNO 3' 
8 

I n  t h e  f i r s t  two runs we followed Lorenz and P i lkuhn ' s  

experimental  d e t a i l s .  The source  was made up of 5.0g Ga, 0.60 g Gap, 

and 4.0 mg Zn, an acceptor  dopant i n  Gap. 

be  s a t u r a t e d  by 0.60 g Gap. 

70 minutes. Then t h e  fu rnace  was shut  o f f ,  and the i n i t i a l  coo l ing  

r a t e  was about 13 c/min. Sample LEPl had t h e  overgrowth on t h e  (111)P 

f a c e ;  sample LEP3, on t h e  (111)Ga face .  The overgrowths were examined 

by c leaving  t h e  samples on (110) and e t ch ing  t h e  cleavage f a c e  i n  t h e  

(111)Ga e t chan t .  The two overgrowths were q u i t e  s i m i l a r :  about i i 5 p  

of seed was removed be fo re  growth began; about 70p of l a y e r  was grown; 

a second boundary was seen  about 2% from t h e  s u r f a c e  of t h e  overgrowth. 

(See F ig .  3 f o r  a c r o s s  s e c t i o n  of LEP1.) The growth s u r f a c e  of LEPl 

was terraced s l i g h t l y  (see Fig .  41, and t h e  growth s u r f a c e  of  LEP3 was 

etched s e v e r e l y  by t h e  c r y s t a l  recovery procedure.  S i n c e  t h e  n e t  

r e s u l t  i s  a (111)P s u r f a c e  t h a t  i s  smoother t h a n  t h e  (111)Ga su r face ,  

w e  s h a l l  grow on (111)P su r faces  i n  t h e  f u t u r e .  

A t  114OoC, 5.0 g Ga w i l l  

T h e  fu rnace  was heated t o  114OoC i n  about 

0 

The e t c h  p a t t e r n s  on a (111)Ga c r o s s  s e c t i o n  of LEPl sugges t  

t h a t  t h e  f a u l t s  i n  t h e  seed a re  i n h i b i t e d  from growing i n t o  t h e  over-  

growth (see Fig.  5). Also, e lectroluminescence and pho tovo l t a i c  tests 

- 5 -  



show t h a t  t h e  only  p-n j u n c t i o n  i n  U P 1  is  a t  t h e  seed/overgrowth i n t e r f a c e .  

The s u r f a c e  l aye r  i s  t h u s  appa ren t ly  p-type, but  h a s  a d i f f e r e n t  carrier 

concen t r a t ion  so  t h a t  i t  e t c h e s  d i f f e r e n t l y  from t h e  deeper  l a y e r  of t h e  

overgrowth. The s u r f a c e  l a y e r  may be  due t o  t h e  seg rega t ion  of an 

unknown impuri ty;  t h e  GaP source  material was p o l y c r y s t a l  of unknown 

o r i g i n .  

T e s t s  revealed t h a t  much of t h e  s u r f a c e  l a y e r  t h a t  i s  

removed from the  seed i s  removed be fo re  t h e  Ga-GaP s o l u t i o n  comes i n t o  

con tac t  w i th  the  s e e d .  

seed - one t h i r d  of t h e  th i ckness  and 500 t i m e s  a s  much a s  would be 

expected from t h e  evapora t ion  of t h e  seed. When t h e  seed was repol i shed  

and tested a t  1050 C,  on ly  0.97 mg was removed. 

2 A t  1140°C, 11.36 mg was removed from a 0.235 c m  

0 

0 Thus a run  was c a r r i e d  o u t  u s ing  1050 C a s  an o p e r a t i n g  

temperature .  A f r e s h  source  was used: 5.0 g Ga, 0.50 g Gap, 4.0 mg Zn. 

A t  1050 C,  5.0 g G a  w i l l  be  s a t u r a t e d  by 0.30 g Gap. T h i s  GaP source  

m a t e r i a l  was Asarco semiconductor grade,  prepared i n  s i l i ca .  The 

furnace  was heated t o  1050 C, t hen  turned  o f f  and t i l t e d .  The maximum 

tempera ture  reached was 1055 C ;  then t h e  i n i t i a l  c o o l i n g  r a t e  was about 

11 .5°C/min .  

having been removed be fo re  t h e  l a y e r  grew. There was s t i l l  evidence 

of a s u r f a c e  l aye r ,  a l though i n  t h i s  run  it  was o n l y  6 p t h i c k .  

0 

0 

0 

The r e s u l t i n g  l a y e r  was about 44 p t h i c k ,  30 p of s e e d  

Future  work w i l l  be d i r e c t e d  toward o b t a i n i n g  a p l ana r  

p-n junCtion with minimum removal of t h e  seed su r face .  C r y s t a l  

p e r f e c t i o n  and doping of t h e  overgrowth l a y e r  w i l l  be s tud ied .  
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FIGURE CAPTIONS 

C a r r i e r  concen t r a t ion  vs. m o b i l i t y  f o r  42 GaP c r y s t a l s  
grown between 1-1-65 and 6-1-67. 

Junc t ion  depth and spike depth vs. 1/T normalized t o  one hour.  

Liquid e p i t a x i a l  overgrowth LEPl c r o s s  s e c t i o n  (c leavage  face)  
etched i n  E111)Ga e tchant .  

Liquid e p i t a x i a l  overgrowth LEPl growth s u r f a c e ,  (111)P. 

Liquid e p i t a x i a l  overgrowth LEPl c r o s s  s e c t i o n  on (111)Ga 
p lane  etched i n  (111)Ga etchant.  Roughness of s u r f a c e s  i s  
due t o  s e c t i o n i n g  technique.  

-- 
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Maximum J u n c t i o n  
Junc t ion  Spike  Depth E f f e c t i v e  

Temp. Time Depth Depth (one hour) Time 

715OC 47.66 h r  29.5 b 165 4.30 p 47.66 h r  

76 1 11.88 hr 28.5 133 8.28 b 11 88 h r  

813 3.28 hr  29 97.5 16.0 3.28 hr 

907 18.5 min 24 41 43.3 16.4 min 

998 4.25 min 15 24 56.2 1.09 min 

Max. Spike  
Dep th (e f  f e c t i v e  
t i m e  normalized 
t o  one hour 

24.0 1 

38.6 

53.9 

78.3 

176 

TABLE 1: DIFFUSION SUMMARY 
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4) I n  addi t ion ,  t h e  masking e f f e c t  of an evaporated 

S i 0  f i l m  aga ins t  s u l f u r  d i f f u s i o n ,  and t h e  t i m e  v a r i a t i o n  

of s u l f u r  d i f f u s i o n  i n  GaP were b r i e f l y  i n v e s t i g a t e d .  The 

resul ts  w i l l  not  be d iscussed  i n  t h i s  r e p o r t ,  however, s i n c e  

r e s u l t s  were not  conclusive.  

2 

R e s u l t s  

One important  modi f ica t ion  i n  experimental  t echnique  was t h e  

sandwichs’ t o  p r o t e c t  t h e  s u r f a c e  of  t h e  samples ’ I  use  of a qua r t z  p l a t e  

du r ing  diffusion.’  

technique,  while  i t  enab le s  better s u r f a c e s  t o  be r e t a i n e d ,  i s  expected 

t o  a f f e c t  t h e  d i f f u s i o n  somewhat and cause u n c e r t a i n t i e s  i n  t h e  boundary 

condi t ions .  

A s  discussed  i n  t h e  l a s t  q u a r t e r l y  r e p o r t ,  t h i s  

For t h e  purpose of t h i s  r e p o r t ,  however, t h i s  e f f e c t  w i l l  be 

neglec ted .  I t  would obviously be of g r e a t  va lue  t o  compare t h e  r e s u l t s  

of experiments done wi th  and without  t h e  use of t h e  q u a r t z  p l a t e s .  

However, experimental  cond i t ions  make i t  d i f f i c u l t  t o  o b t a i n  r e l i a b l e  

r e s u l t s  when t h e  p l a t e s  a r e  not used. 

With t h e s e  cons ide ra t ions  i n  mind, t h e  fo l lowing  r e s u l t s  were 

obtained:  

1. Ef fec t  of Varying Temperature - The important  d i f f u s i o n  

parameters  and t h e  corresponding d i f f u s i o n  p r o f i l e s  f o r  tempera tures  

1000°C - 1200 C a r e  given i n  Table  I and F ig .  1 r e s p e c t i v e l y .  The major 

v a r i a t i o n  is  due t o  temperature .  (This  may not  be q u i t e  ;true. There is  a 

4 : l  v a r i a t i o n  i n  P which would cause a v a r i a t i o n  of  2 i n  t h e  d i f f u s i o n  

c o e f f i c i e n t  assuming a s imple vacancy model.) The 24 hour d i f f u s i o n  

0 

2 
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a t  1000°C has been sca l ed  to  f a c i l i t a t e  comparisons w i t h  t h e  12 hour 

d i f f u s i o n s  assuming t h e  p r o f i l e  i s  a f u n c t i o n  of X = 
X 

The major conclusions t o  be drawn from t h i s  experiment a re :  

a) 
0 

The p r o f i l e s  a t  1111 C and 1216OC do not  appear t o  f i t  t h e  

complementary e r r o r  f u n c t i o n  va r i a t ion .  An exponent ia l  v a r i a t i o n  g ives  

a be t te r  f i t .  

0 
b) The s u r f a c e  concent ra t ion  a t  1111 C is  very high - 

21 -3 
1.5 X 10 c m  , approximately 6% of t h e  phosphorus atoms i n  t h e  c r y s t a l .  

c) The s u r f a c e  concen t r a t ion  a t  l l l l ° C  i s  h ighe r  than  a t  

e i t h e r  1019°C or 1216OC. 

d) The d i f f u s i o n  c o e f f i c i e n t s  a r e  very  low ranging between 

2 cm2/sec and c m  /sec i n  t h e  temperature  range s tud ied .  

Approximate d i f f u s i o n  c o e f f i c i e n t s  were c a l c u l a t e d  us ing  

2 
an a n a l y t i c  Boltzmann-Matano method. The assumptions involved i n  t h i s  

method have no t  been adequately confirmed so t h e  numbers obtained should 

be  viewed c r i t i c a l l y .  A t  1111 C ana i216 C, t h e  exponen t i a l  d l f f u s i c n  0 0 

p r o f i l e s  imply a concentration-dependent d i f f u s i o n  c o e f f i c i e n t  - i n  

t h i s  case, i n  t h e  range from 5 X 10l8  t o  5 X lo2' atoms/cm 
3 

where D = d i f f u s i o n  c o e f f i c i e n t  and C = s u l f u r  concent ra t ion .  

-3 
A p l o t  of D vs. I/T f o r  a s u l f u r  concen t r a t ion  of c m  

i s  shown i n  Fig.  2. The u n c e r t a i n t y  i n  a c t i v a t i o n  energy i s  l a r g e  - 

i t  may be e s t i m a t e d  anywhere from 1 .7  t o  3.3 eV. 

t o  o b t a i n  a more accu ra t e  value. 

More d a t a  i s  needed 



The radiograph of t h e  sample d i f f u s e d  a t  1019OC r e v e a l s  

some l o c a l i z a t i o n  of  a c t i v i t y .  Th i s  would tend  t o  make t h e  apparent  

d i f f u s i o n  c o e f f i c i e n t  l a r g e r  t h a n  i ts  t r u e  value.  

The d i f f u s i o n  p r o f i l e s  shown i n  F i g ,  1 were obta ined  from 

t h e  b e t t e r  s i d e  of each d i f f u s e d  sample - i n  gene ra l  t h e s e  were 

smoother, s h i n i e r ,  and had a lower t o t a l  i n t e g r a t e d  concent ra t ion .  

T h i s  i s  b e l i e v e d  to be t h e  "B" (phosphorus) face .  

Occasional ly  t h e  second f a c e  ("A") was also lapped. I n  

gene ra l  t h e  values  of s u r f a c e  concen t r a t ion  and d i f f u s i o n  c o e f f i c i e n t  

were wi th in  a f a c t o r  of two ( u s u a l l y l a r g e r )  f o r  samples d i f f u s e d  a t  

llOO°C and 120OOC. 

0 
However, i n  t h e  d i f f u s i o n  a t  1019 C a very  marked d i f f e r e n c e  

was observed i n  both  s u r f a c e  concen t r a t ion  and d i f f u s i o n  c o e f f i c i e n t .  

The p r o f i l e s  f o r  t h e  two faces are shown i n  F ig .  3. The s u r f a c e  

concen t r a t ion  on t h e  d u l l  face was an o r d e r  of magnitude l a r g e r ;  t h e  

d i f f u s i o n  c o e f f i c i e n t  on t h i s  f a c e  was s i x  t i m e s  l a r g e r  and may have 

been even more than  t h i s  ( reca l l  t h a t  i t  i s  be l ieved  t h a t  t h e  d i f f u s i o n  

c o e f f i c i e n t  f o r  t h e  sh iny  f a c e  i s  probably t o o  l a r g e ) .  

The sample d i f fused  a t  1019OC f o r  24 hours  r e t a i n e d  a h igh ly  

pol i shed  su r face  on one s i d e .  

which may have developed from po l i sh ing  s c r a t c h e s ,  t h e  s u r f  ace was 

almost as good as t h e  s u r f a c e  be fo re  d i f f u s i o n .  

Except f o r  a few "canal- l ike"  f e a t u r e s  

2. E f f e c t  of Varying S u l f u r  P res su re  - Dif fus ions  were 

0 
done a t  1108 C w i t h  a f i x e d  phosphorus p re s su re  and s u l f u r  vapor 

d e n s i t i e s  ranging from 2 - 52 micrograms/cm . The important  parameters  3 
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of s e v e r a l  s e l e c t e d  p r o f i l e s  a r e  given i n  Table  I1 and t h e  p r o f i l e s  

themselves i n  Fig.  4 ( t h e  p r o f i l e s  a r e  from t h e  "A" f ace ) .  

The major conclusion t o  be drawn i s  t h a t  t h e  s u r f a c e  concen- 

t r a t i o n  i n c r e a s e s  a s  t h e  s u l f u r  vapor d e n s i t y  inc reases .  Most of t h e  

d i f f u s i o n s  done t h i s  q u a r t e r  were a t  1115 C (* 5 C ) .  Due t o  experimental  

d i f f i c u l t i e s ,  e.g.  wedging du r ing  t h e  lapping,  most of t h e  p r o f i l e s  

0 0 

have been d iscarded  f o r  t h e  c a l c u l a t i o n  of d i f f u s i o n  c o e f f i c i e n t s .  

However, a reasonable  e x t r a p o l a t i o n  of s u r f a c e  concen t r a t ion  i s  s t i l l  

p o s s i b l e  and t h i s  d a t a  i s  shown i n  F ig .  5. (Data from both A and B 

f a c e s  i s  shown.) The s c a t t e r  i n  va lues  i s  aga in  l a r g e  but  a reasonable  

f i t  shows t h a t  s u r f a c e  concen t r a t ion  i s  p ropor t iona l  t o  t h e  s u l f u r  

p re s su re  (vapor dens i ty )  during d i f f u s i o n .  

T h i s  is no t  t h e  r e s u l t  expected f o r  a s imple vacancy d i f f u s i o n .  - 

Using a simple mass a c t i o n  model f o r  t h e  inco rpora t ion  of s u l f u r  or 

phosphorus si tes,  w e  can ob ta in  

1 K1 K2 - 
- s (vapor) + v Z! SO z s + n 
2 2  P P P 

[SO3 = K1 [vpl (PS2) 1/2 
P 

[S-]  = K [So]/n = K1K2[Vp](Ps2)1/2/n 
P 2 P  

where 

V = phosphorus vacancy 
P 

So = n e u t r a l  s u l f u r  atom on phosphorus s i t e  

S = ion ized  s u l f u r  atom 

n = e l e c t r o n  concen t r a t ion  

P 

P 

- 

K1,K2 = equi l ibr ium cons tan t s .  
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For t h e  c a s e  where most of t h e  s u l f u r  i s  ion ized  and t h e  

semiconductor i s  e x t r i n s i c ,  i .e.  [ S - ]  = n. 
P 

[Total  s u l f u r ]  w [Si] CY 

For t h e  c a s e  where most 

[Total  s u l f u r ]  M [Sp] CY 
0 

of t h e  s u l f u r  is  n e u t r a l  

These two cases  do not  f i t  t h e  observed experimental  r e s u l t s ,  

where 

[Total  s u l f u r ]  CY P 
s2 

Our r e s u l t s  do not  agree  w i t h  repor ted  d a t a  f o r  t h e  s o l u b i l i t y  of s u l f u r  

i n  GaP a t  104OOC as  a f u n c t i o n  of t h e  m e l t  c o m p ~ s i t i o n . ~  

agreement w i t h  a s imple vacancy model was obta ined  i n  Trumbore's 

experiments . 

Some 

The g r e a t  d i f f e r e n c e  i n  t h e  shape of t h e  p r o f i l e s  i s  n o t  

understood. A t  low s u r f a c e  concen t r a t ions ,  t h e  p r o f i l e  appears  t o  f i t  

t h e  complementary e r r o r  f u n c t i o n  s o l u t i o n .  However, on ly  f o u r  d a t a  

p o i n t s  a r e  obtained and t h i s  conclus ion  is  no t  n e c e s s a r i l y  v a l i d .  

A d i s t i n c t  d i f f e r e n c e  i n  t h e  shapes of p r o f i l e s  would 

imply t h a t  t h e  d i f f u s i o n  cons t an t  was no t  on ly  a f u n c t i o n  of  s u l f u r  

concent ra t ion .  I n  t h i s  c a s e  a p p l i c a t i c n  of t h e  Boltzmann-Matano method 

would not  be meaningful. 

I n  one in s t ance ,  where an unusual ly  l a r g e  pene t r a t ion  d e p t h  

was obta ined ,  t he  r e s u l t  was a t t r i b u t e d  t o  t h e  s u r f a c e  roughness of 

t h e  sample. T h i s  i s  not  bel ieved t o  be t h e  c a s e  f o r  d i f f u s i o n  AL-6. 



Golds te in  has repor ted  a p r o f i l e  wi th  an i n i t i a l  f l a t  reg ion  f o r  

t h e  d i f f u s i o n  of Se  i n  GaAs. T h i s  was a t t r i b u t e d  t o  t h e  formation of 

a selenium g l a s s  on t h e  GaAs sur face .  A check f o r  a s i m i l a r  subs tance  

i n  ou r  experiment w i l l  be performed next  q u a r t e r .  However, x-ray 

d i f f r a c t i o n  on t h i s  sample t h u s  f a r  has f a i l e d  t o  r e v e a l  t h e  presence 

of any o t h e r  phase bes ides  Gap. 

3. E f f e c t  of  Varying Phosphorus P res su re  

Th i s  experiment i s  p o t e n t i a l l y  t h e  most powerful for 

determining t h e  d i f f u s i o n  mechanism. B y  changing t h e  phosphorus p re s su re  

over  t h e  sample dur ing  d i f fus ion ,  t h e  s t o i c h i o m e t r i c  balance of ga l l ium 

and phosphorus vacancies  may be changed. The v a r i a t i o n  of d i f f u s i o n  

c o e f f i c i e n t  wi th  phosphorus pressure  can r e v e a l  which vacancies  a r e  

involved i n  t h e  d i f f u s i o n  process.  (Schottky, however, has  s t a t e d  

t h a t  t h e  c r y s t a l  may not be i n  equ i l ib r ium wi th  t h e  vapor. Disloca-  

t i o n s  w i l l  t r y  t o  maintain a s to i ch iomet r i c  ba lance  i n  t h e  c r y s t a l .  

Equi l ibr ium wi th  t h e  vapor must t a k e  p l ace  by  vacancy d i f f u s i o n  

from t h e  s u r f a c e  which is  a much s lower process .  Thus a p re -d i f fus ion  

anneal  under d i f f u s i o n  condi t ions  may be necessary.)  

5 

Dif fus ions  were done a t  1115OC under 0.6 ATM (P ) and a l s o  

wi th  no excess  phosphorus. Unfortunately,  dec reas ing  t h e  phosphorus 

p re s su re  a l s o  i n c r e a s e s  t h e  r a t e  of s u r f a c e  d e t e r i o r a t i o n .  I n  t h e  

experiment performed under these  cond i t ions ,  t h e  equ iva len t  of 

8 microns was l o s t  from each f ace  s o  r e s u l t s  a r e  not  r e l i a b l e .  However, 

2 

t h e  change i n  d i f f u s i o n  c o e f f i c i e n t  does not  appear  t o  be anywhere 

n e a r  a s  much as would be expected f o r  a s imple vacancy d i f f u s i o n  
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mechanism. Fur ther  work w i l l  be  necessary  on t h i s  most important  

experiment. P red i f fus ion  annea ls  may be necessa ry  and i n t e r m e d i a t e  

p re s su res  (P,) should be used. 

Discussion 

The d a t a  presented i n  t h i s  q u a r t e r l y  r e p o r t  i s  be l i eved  t o  

be t h e  most r e l i a b l e  of t h e  work d0n.e t o  da t e .  Su r face  q u a l i t y ,  

weight  l o s s ,  autoradiographs,  and t h e  q u a l i t y  of t h e  l app ing  procedure 

a r e  t h e  p r i n c i p a l  c r i t e r i a  used i n  judging  t h e  meri ts  of t h e  d a t a  

obta ined .  

However, many q u a l i f y i n g  s ta tements  should be made: 

1) The r e p r o d u c i b i l i t y  of r a s u l t s  has  not  been adequate ly  

checked. I n  t h e  one i n s t a n c e  where f o u r  d i f f u s i o n s  were done under 

v i r t u a l l y  t h e  same cond i t ions ,  s u r f a c e  concen t r a t ions  and d i f f u s i o n  

c o e f f i c i e n t s  were found t o  vary  by a f a c t o r  of f i v e .  (This  may be 

an extreme case s i n c e  t h e  p r o f i l e s  were shal low and conta ined  only  

4 - 5 poin ts . )  Although t h e  sca t te r  is  l a r g e ,  t he  d a t a  i s  s t i l l  

adequate f o r  i l l u s t r a t i n g  t r e n d s .  However, t h e  weakness i n  r e l y i n g  

t o o  heav i ly  on a s i n g l e  experimental  po in t  should be s t r e s s e d .  

2) The p o s s i b l e  dependence of d i f f u s i o n  on t h e  m a t e r i a l  

used has n o t  been s tud ied .  I t  i s  known t h a t  t h e  d i f f u s i o n  of z i n c  

i n  t h e  e p i t a x i a l  GaP grown a t  t h i s  l a b o r a t o r y  depends markedly on t h e  

presence of c e r t a i n  c r y s t a l  d e f e c t s  (poss ib ly  s t a c k i n g  f a u l t s ) .  

Whether s u l f u r  d i f f u s i o n  behaves s i m i l a r l y  is  not y e t  known. 

3) The d a t a  i s  o f t e n  i n c o n s i s t e n t .  Fo r  example, t h e  

d i f f u s i o n  c o e f f i c i e n t  ca l cu la t ed  from d i f f e r e n t  p r o f i l e s  f o r  f i x e d  

temperature  and phosphorus p re s su re  would sugges t  t h a t  t h e  d i f f u s i o n  

- 8 -  



c o e f f i c i e n t  i s  not  simply a func t ion  of s u l f u r  concen t r a t ion ,  The 

a p p l i c a b i l i t y  of t h e  Boltzmann-Matano method would seem ques t ionab le  

i f  t h i s  were t h e  case .  The i s s u e  is made more complex by t h e  use  of 

t h e  q u a r t z  p l a t e s  and t h e  f a c t  t h a t  t h e  s u l f u r  source  i s  u s u a l l y  

s i g n i f i c a n t l y  deple ted  dur ing  d i f f u s i o n .  

4) Various r e sea rche r s  working w i t h  s u l f u r  i n  GaAs have 

r epor t ed  d i f f i c u l t i e s  w i t h  su r f ace  e ros ion  a t t r i b u t e d  t o  compound 

formation. X-ray d i f f r a c t i c n  on s e v e r a l  samples has  f a i l e d  t o  r e v e a l  

conclus ive  evidence of any phase bes ides  Gap. The n a t u r e  of t h e  

d i f f e r e n c e  between p r o f i l e s  on "A" and "B" f a c e s  must be s tud ied  f u r t h e r .  

P lans  f o r  Next Quar te r  

During t h e  next  q u a r t e r  w e  hope t o  r e s o l v e  some of t h e s e  

problems. F u r t h e r  experiments t o  check r e p r o d u c i b i l i t y  w i l l  be done. 

Dependence of t h e  s u r f a c e  concen t r a t ion  on s u l f u r  vapor d e n s i t y  f o r  

h igher  temperatures  (1200 C) w i l l  be of i n t e r e s t .  S ince  s u l f u r  

i n c o r p o r a t i o n  i n  G a A s  and Ga? has  o f t e n  been i n t e r p r e t e d  i n  terms of 

a sulfur-vacancy complex' ( e s s e n t i a l l y  a s o l i d  s o l u t i o n  between GaP 

and t h e  Ga S compound) s i g n i f i c a n t  d i f f e r e n c e s  may be expected f o r  

temperatures  above and below t h e  mel t ing  po in t  of t h e  compound. 

(*me 1 t 

may be s u b j e c t  t o  rev is ion . )  

0 

2 3  

0 7  
f o r  Ga2S3 is  now believed t o  be 1090 C . However, t h i s  f i g u r e  

W e  hope t o  s tudy  t h e  e l e c t r i c a l  p r o p e r t i e s  of t he  d i f f u s e d  

l a y e r .  Also p-n junc t ions  w i l l  be made t o  s tudy  t h e  geometr ica l  

c o n f i g u r a t i o n  of t h e  d i f f u s i o n  f r o n t  (whether p l ana r ,  w i t h  sp ikes ,  etc.) .  

To s tudy  t h e  dependence of d i f f u s i o n  on phosphorus pressure ,  

t i m e ,  and temperature  w e  p lan  t o  u s e  a Ga S d i f f u s i o n  source  and 2 3  
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p-n j u n c t i o n  s t a in ing .  Th i s  w i l l  n e c e s s i t a t e  t h e  growth of l i g h t l y -  

doped p-type mater ia l .  However, s e v e r a l  advantages may be r e a l i z e d :  

1) For t h e  lower s u r f a c e  concen t r a t ions  expected from t h e  

compound source,  b e t t e r  s u r f a c e s  (without  t h e  use of q u a r t z  p l a t e s )  

should be poss ib le .  

2) An i n f i n i t e  sou rce  cond i t ion  can be maintained.  

3) Experimental  procedure w i l l  be  e a s i e r  than  de termina t ion  

of d i f f u s i o n  p r o f i l e s .  However, an erfc v a r i a t i o n  may have t o  be 

assumed. 

4) I n t e r p r e t a t i o n  of t h e  d a t a  should be easier assuming 

a n e g l i g i b l e  o u t  d i f f u s i o n  of t h e  p-type dopant.  
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FIGURE CAPTIONS 

Fig .  1 Dif fus ion  p r o f i l e s  of s u l f u r  i n  GaP ( e f f e c t  of vary ing  
temperature) 

F ig .  2 Var i a t ion  of d i f f u s i o n  c o e f f i c i e n t  wi th  temperature .  

F ig .  3 Dif fus ion  p r o f i l e s  of s u l f u r  i n  GaP ( d i f f u s i o n  a t  1019 C - 0 

comparison of A and B f aces ) .  
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Fig .  4 Dif fus ion  p r o f i l e s  a t  s u l f u r  i n  GaP ( e f f e c t  of vary ing  
s u l f u r  pressure) .  

F ig .  5 Dependence of su r face  concen t r a t ion  on s u l f u r  p re s su re  
(T = 1115OC). 

i f  f u s i o n  c-2 B-2a c-1 
Temperature (OC) 1018 1111 1215 

S u l f u r  Densi ty  (micrograms/ml) 18.5 18.0 20.5 

Phosphorus Dens i ty  (milligrams/ml) 2.2 2.0 2.1 

Phosphorus P res su re  (P -atm) 0.31 0.6 1.1 

Time (hours) 24 12 12 
2 

TABLE 1 - Dif fus ion  Parameters 

D i f fus ion  AL-9 B-2b AL-6 

Temperature (OC) 1106 1111 1119 

S u l f u r  Dens i ty  (micrograms/ml) 2.99 18.2 51.5 

Phosphorus Dens i ty  (milligrams/ml) 1.64 1.96 1.73 

Time (hours) 12 12 12 

TABLE I1 - Dif fus ion  Parameters 
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